Semen quality has been suggested to be a biological marker of long-term morbidity and mortality; however, few studies have been conducted on this subject. We identified 5,370 men seen for infertility at Frederiksberg Hospital, Denmark, during 1977Denmark, during -2010, and 4,712 of these men were followed in the Danish National Patient Registry until first hospitalization, death, or the end of the study. We classified patients according to hospitalizations and the presence of cardiovascular disease, diabetes, testicular cancer, or prostate cancer. We found a clear association between sperm concentration below 15 million/mL and all-cause hospitalizations (hazard ratio = 1.5, 95% confidence interval: 1.4, 1.6) and cardiovascular disease (hazard ratio = 1.4, 95% confidence interval: 1.2, 1.6), compared with men with a concentration above 40 million/ mL. The probabilities for hospitalizations were also higher with a low total sperm count and low motility. Men with a sperm concentration of 195-200 million/mL were, on average, hospitalized for the first time 7 years later than were men with a sperm concentration of 0-5 million/mL. Semen quality was associated with long-term morbidity, and a significantly higher risk of hospitalization was found, in particular for cardiovascular diseases and diabetes mellitus. Our study supports the suggestion that semen quality is a strong biomarker of general health. Approximately 15% of all couples experience infertility, and male factor issues are responsible for 50% of fertility problems (1-3). Young Scandinavian men have a median sperm concentration of 44 million/mL (4), close to 40 million/mL, a level below which the probability of conception has been found to be reduced (2). Impaired semen quality has been linked to a higher risk of testicular cancer in men in the years following an infertility evaluation, among both Danish and US men (5-10), and some studies have suggested a link to prostate cancer, although this has not been confirmed by all studies (11, 12) . Semen quality has been linked to mortality (13, 14) and, recently, also to morbidity from a wide range of diseases (15), suggesting that semen quality could be a universal health marker.
Approximately 15% of all couples experience infertility, and male factor issues are responsible for 50% of fertility problems (1) (2) (3) . Young Scandinavian men have a median sperm concentration of 44 million/mL (4), close to 40 million/mL, a level below which the probability of conception has been found to be reduced (2) . Impaired semen quality has been linked to a higher risk of testicular cancer in men in the years following an infertility evaluation, among both Danish and US men (5) (6) (7) (8) (9) (10) , and some studies have suggested a link to prostate cancer, although this has not been confirmed by all studies (11, 12) . Semen quality has been linked to mortality (13, 14) and, recently, also to morbidity from a wide range of diseases (15) , suggesting that semen quality could be a universal health marker.
The link between semen quality and health later in life could be due to genetic, hormonal, lifestyle, or in utero factors. Because approximately 15% of the male human genome is involved in reproduction, it is conceivable that other health ailments would be linked to defects in fertility (16) . Low testosterone level has also been associated both with low semen quality and with subsequent morbidity and mortality (17) (18) (19) . However, the association between semen quality and health later in life might be confounded by current health and lifestyle. For example, obesity and smoking are known to adversely affect semen parameters, health, and life expectancy (20, 21) . Medical conditions could also have an impact on semen quality; infertile men more often report symptoms of poor health, as measured by the Charlson comorbidity index (22) . In addition, men with poor semen quality more often have hypertension and cardiovascular disease (15, 22, 23) .
Based on the findings of previous studies, semen quality may represent not only a fertility marker (23, 24) but also a universal biomarker of later health and survival (13, 15) . A long period of follow-up is required to study such associations. Therefore, to address the possible long-term effects of low semen quality on morbidity, we studied the association between semen characteristics and subsequent hospitalizations in a large cohort of Danish men who attended a clinic for infertility assessment.
METHODS

Study population
The semen quality of 5,370 men was examined at the fertility clinic at Frederiksberg Hospital after referral for couple infertility by a general practitioner, urologist, or gynecologist from the Frederiksberg municipality in Copenhagen. Men who had semen analysis performed before 1977 or who were hospitalized before semen analysis (n = 366) were excluded. Men who died before the study (n = 74) and who emigrated (n = 218) were also excluded. We included 4,712 men with a first semen sample analyzed at Frederiksberg Hospital during 1977-2010. The data from these men were linked to records held in the Danish National Patient Registry by use of the personal identification number first given to all Danish citizens in 1968 and to all newborns and immigrants thereafter (25) . The National Patient Registry was established in 1977 and holds information on all hospitalizations in Denmark (26) . We recorded all first-time hospitalizations and used the International Classification of Diseases (ICD), eighth and tenth revisions, as the main diagnostic tools. Patient admissions were recorded until August 2015 or until death. A total of 181 men had no hospitalization recorded after the first semen sample, and they were followed until end of study, and 30 who died were followed until death, leaving 4,501 men who were hospitalized (Web Figure 1 , available at https://academic.oup.com/aje). All incident diagnoses, along with their respective diagnosis codes, were allocated to 5 groups: all-cause diseases, cardiovascular diseases (ICD-8: 40199, 41009, 41099, 412009, 41299, 41309, 41399, 43091-43690, 45099-45503; ICD-10: DI009, DI019, DI050, DI10, DI109, DI15, DI110, DI119, DI119A, DI120, DI129, DI150-DI159, DI20, DI200, DI200A, DI200B, DI200C, DI208-DI209, DI21, DI120, DI210B, DI211, DI211A, DI211B, DI213-DI259, DI26, DI50, DI500-DI519, DI600-DI694, DI700-DI749), type 1 and 2 diabetes mellitus (ICD-8: 24900-24909, 25000-25101; ICD-10: DE10, DE100-DE109A, DE11, DE112-DE119A, DE133, DE139, DE140-DE149, DH360-DH360H), testicular cancer (ICD-8: 18699; ICD-10: DC620, DC621, DC629, DD401), and prostate cancer (ICD-8: 18599; ICD-10: DC619). The Ethical Committee for the Capital Region of Denmark approved the study in June 2011.
Analysis of semen samples
We used the results of the first semen sample the men had delivered for analysis due to couple infertility. Prior to delivery of these samples, the men were advised to keep an ejaculation abstinence period of 3-4 days. The actual abstinence period was recorded when the samples were delivered to the laboratory. The semen samples were produced at home and brought to the laboratory protected from extreme temperatures within 1 hour after ejaculation. The samples were kept at room temperature in the laboratory during the analysis. Semen volume was assessed by aspiration. For sperm motility assessment, a 10-μL drop of semen was placed on a glass slide, covered with a coverslip, and examined at 100× magnification. Spermatozoa were classified as motile or immotile. The sperm concentration was subsequently assessed using improved Neubauer hemocytometers. The laboratory at the fertility clinic Frederiksberg Hospital worked in close collaboration with the Copenhagen General Practitioners' Laboratory (KPLL) and followed the guidelines from quality control groups of the Nordic Association for Andrology (NAFA). Cutoff points and definitions of semen characteristics were done according to World Health Organization guidelines (27) .
Statistical analysis
Semen volume, sperm concentration, and motility were outcome variables. Cutoff values for semen analysis followed the World Health Organization's most recently recommended lower reference values (28): sperm concentration <15 million/mL, semen volume <1.5 mL, total sperm count <40 million, and total motility ≤40%. Sperm concentration was categorized as 0, 1-15 million/mL, 16-40 million/mL, or >40 million/mL, and total sperm count as 0, 1-40 million, 41-120 million, or >120 million. We decided to use cutoff values rather than continuous modeling. In the initial descriptive analysis, we calculated the mean, standard deviation, median, and range for all semen characteristics. We calculated time from first semen analysis to first hospitalization or death and plotted the data using Kaplan-Meier survival estimation and diagrams. Restricted mean survival time (29) was estimated as a function of sperm concentration. This measure corresponds to the area under each separate survival curve for each sperm concentration and corresponds to expected hospitalization-free survival. Restricted mean survival time is unbiased up to a right censoring level of 30% (30) . In the present study, the right censoring level was 4.4% in the analysis of all hospitalizations (i.e., 4.4% did not have a hospitalization by the end of the follow-up). Cox regression was used to analyze the associations of hospitalizations by diagnosis group and by semen characteristics. The analysis was adjusted for age and year of birth. In all analyses, the Cox proportional hazards assumption of proportional hazards was fulfilled. We used a score process test to test the assumption (31) . Analyses were performed using the ASSESS statement in PROC PHREG (SAS, version 9.4; SAS Institute, Inc., Cary, North Carolina).
RESULTS
We studied 4,712 men with a maximal follow-up time of 38 years and a mean follow-up time of 6 years until first hospitalization. The average age at semen analysis was 34 years and the mean sperm concentration was 70 million/mL, with a median of 51 million/mL (range, 0-1,244 million/mL). The mean of total sperm count was 219 million, with a median of 157 million (range, 0-7,752 million), as shown in Table 1 .
We found a significant dose-response association between poorer semen quality and all-cause hospitalizations, reflected in the Kaplan-Meier plot according to sperm concentration ( Figure 1A) . Similarly, we saw a significant association between sperm concentration above 40 million/mL and a low probability of hospitalizations for diabetes and cardiovascular disease ( Figures 1B and 1C) . Again, we saw the lowest probability for diabetes and cardiovascular disease for high levels of both total sperm count and motility but not for semen volume (Web Figure 2) . The same pattern was found after adjustment for year of birth and age (Table 2) . A 50% (95% confidence interval (CI): 1.4, 1.6) higher risk of hospitalization for all-cause disease and a 40% (95% CI: 1.2, 1.6) higher risk of cardiovascular disease were found for men with sperm concentration below 15 million/mL compared with men with a concentration above 40 million/mL. Men with azoospermia had a 40% higher risk of overall hospitalization (95% CI: 1.2, 1.5) and a 10% higher risk of hospitalization for cardiovascular disease (95% CI: 0.9, 1.4) compared with men with a sperm concentration above 40 million/mL. A higher risk of hospitalization was also found for the other semen characteristics, including motility and total sperm count. For semen volume and period of abstinence (results not shown), no association was found with hospitalization (Web Figure 2) . Because of the low number of hospitalizations for diabetes (n = 168), testicular cancer (n = 67), and prostate cancer (n = 63), statistical modeling was not feasible for these outcomes (i.e., there were fewer than 10 observations in each category to be modeled).
Allocating the patients into smaller groups based on sperm concentration confirmed a clear dose-response association, such that higher levels of sperm concentration were related to decreased risk of first-time hospitalization with a significant 2-sided P for trend of <0.001 (Web Table 1 ). The relative risk for first-time hospitalization decreased by 0.029 (95% CI: 0.019, 0.040) for each 10 million/mL increase in sperm concentration when compared with the referent of a 30-year-old man born in 1955 who had a sperm concentration of 200 million/mL.
The mean time free of hospitalization showed a nearly linear increase with increasing sperm concentration up to 200 million/ mL, after which it plateaued (Figure 2 ). When linear regression was applied for the interval of 0-200 million/mL, the remaining mean time free of hospitalization increased by 10 (standard error, 0.75) days for every 1 million/mL increase in sperm concentration, up to 200 million/mL. Men with a sperm concentration of 195-200 million/mL were, on average, hospitalized for the first time 7 years later than men with a sperm concentration of 0-5 million/mL (Figure 2) . Mortality was higher for men with a sperm concentration below 15 million/mL when compared with men with higher sperm concentrations (Web Figure 3) .
DISCUSSION
In this cohort study of 4,712 men, followed for up to 38 years, semen quality was associated with subsequent increased risk of hospitalization and increased mortality. A clear doseresponse relationship between decreasing semen quality and increased risk for hospitalization was present, and the increased risk was found for a wide range of diseases, including cardiovascular disease, diabetes, testicular cancer, and prostate cancer. Men with the lowest semen quality had their first hospitalization on average 7 years earlier than men with the highest semen quality. This finding illustrates the public health impact of our findings and supports previous studies suggesting that semen quality is a strong biomarker for later health, morbidity, and mortality (13, 15). Our study supports previous findings in studies that examined the relationship between semen quality and subsequent morbidity and mortality. A Danish cohort study of 43,277 men, with a follow-up time of up to 40 years, found a dose-response relationship between increasing sperm concentration and decreasing mortality, with approximately 45% lower mortality for men with a sperm concentration above 40 million/mL (13) . In the same study, the analysis was stratified by fertility status, and men with children, before or after semen analysis, had lower mortality than did childless men (standard mortality ratio = 1.89, 95% CI: 1.67, 2.14) (13) . In a cohort study of 11,935 infertile men, of whom 69 died (0.58%), the group with a sperm concentration below 15 million/mL had a 2.2 times higher mortality rate, compared with the group with sperm concentration above 15 million/mL (14) . A newly published US study found higher morbidity among 13,027 men with male factor infertility than among 23,860 who were only tested for infertility (15) ; however, no semen quality data were included. In the latter study, the follow-up time was 9 years, and investigators found that having an infertility diagnosis increased the risk of developing diabetes or ischemic heart disease by 30% and 48%, respectively (15) . Our findings are in accordance with these results and support the suggestion of higher hospitalization risk for subfertile men.
If semen quality is a universal biomarker for overall health, it could be mediated through the male genome-approximately 15% of the genome is involved in reproduction (16) . In addition, low semen quality could be caused by lifestyle and health factors, such as current health, smoking status, and body mass index, which are known to affect semen quality as well as morbidity and mortality (20, 21, (32) (33) (34) . Semen quality is also associated with circulating levels of testosterone, which predict future morbidity and mortality as found in infertile men, suggesting impaired Leydig cell function (34) (35) (36) . An association between low testosterone levels and risk of cardiovascular disease has also been found in several studies (37) (38) (39) . A major review by Araujo et al. (17) confirmed that low endogenous levels of testosterone were associated with increased risk of mortality and cardiovascular-related mortality. Meeker et al. (40) found a positive association between sperm concentration and testosterone levels. In addition, infertile men are more likely to develop cancers, especially testicular cancer. In a Danish cohort study of 32,442 infertile men, a 2-to 3-fold increased risk of testicular cancer risk was found among men with a sperm concentration below 20 million/mL, suggesting common risk factors for impaired spermatogenesis and testicular cancer (7). Our study supports this association, with a finding of a hazard ratio for testicular cancer of 1.6 among participants with a sperm concentration of 1-15 million/mL.
In addition, studies suggest that in utero exposure to lifestyle factors or chemicals with endocrine-disrupting abilities could explain the link between men's reproductive and somatic health (40) (41) (42) . Maldescent of testis, hypospadias, and testicular cancer have been found to be increased with decrease in semen quality (5, 7, (43) (44) (45) (46) . Coherency has been found between the abovementioned conditions and diseases, because they are reciprocal risk factors for each other, are developed in the embryonic stage, and are different manifestations of an underlying testicular dysgenesis syndrome (43, 47) . If these in utero factors may result in diseases, such as cardiovascular disease in later life, and at the same time are related to semen quality, one could expect to find a link between semen quality and disease occurrence in men. In our study, such an association was observed between low sperm quality and higher risk of hospitalization in a dose-response manner, not only for cardiovascular disease and diabetes, but also for all-cause hospitalizations.
Limitations and strengths
A major strength of the present study is the large study population (n = 4,712), the comprehensive follow-up (because individuals could be tracked in the high-quality Danish registry), and the long-term follow-up. Also, overall mortality was less than 1%, which meant that the influence of competing risk was low. Additionally, the same technician analyzed the semen samples through the entire study period, and the same methods were used for all semen samples. The cohort study approach used and the adjustment for age and cohort further support the hypothesis of causality between low semen quality and poor health.
The men included in the present study had been referred for infertility treatment and might not represent the general population. Couples seeking fertility treatment in the 1970s and 1980s had a relatively higher socioeconomic status, and usually the men who seek infertility treatment are married, are older, and have a higher educational level than the rest of the population (8, 48) . Higher socioeconomic status would be expected to confer lower morbidity (13, 49) , and we would thus expect lower levels of morbidity and mortality in the men included in our study, which could introduce a selection bias. Although our sample was probably not representative of the general population, we found a strong association between semen quality and later risk of hospitalization, making it therefore less important whether the men represent the general population. Because the study was register-based, we were not able to obtain information about social status, fertility, and lifestyle, including smoking and dietary habits, all of which could be possible confounders for the observed associations. In addition, a larger study cohort would have provided the opportunity to investigate hospitalization for specific diseases in more detail.
Conclusion
We found that semen quality is a strong universal health biomarker. We were able to show that men with low semen quality more often required hospitalization, in particular for diabetes mellitus and cardiovascular disease. To our knowledge, this study is the first to correlate semen quality and subsequent risk of hospitalization on a long timescale. However, our findings should be further investigated and confirmed by other studies. 
